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Effect of starvation on renal metabolism in the rat
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Effect of starvation on renal metabolism in the rat. The effects
of starvation on the acid-base status of the rat and on the
gluconeogenic and ammoniagenic capacity of rat renal—cortical
slices were examined. Starvation for 48 or 72 hr did not affect
acid-base status, and urinary ammonia production did not
change. Kidney cortical slices from starved as compared to fed
rats showed increased gluconeogenic capacity when incubated
with the substrates pyruvate, succinate, fumarate, malate,
2-oxoglutarate, glutamine and glutamate. Renal cortical tissue
from starved rats also had increased activity of the gluconeogenic
enzyme phosphoenolpyruvate carboxykinase. Renal cortical
slices from starved rats did not differ from those from fed rats in
the ability to produce ammonia from glutamine or glutamate,
nor was there any difference in the activity of glutaminase
between these groups. These results show that renal gluconeo-
genic capacity is increased in starved rats in the absence of
systemic acidosis, and starvation does not lead to an increase in
urinary ammonia excretion or renal ammoniagenic capacity.
Effet de la dénutrition sur le métabolisme renal chez le rat. Les
effets de Ia dénutrition sur l'état acido-basique du rat et sur les
capacités de gluconeogénese et d'ammoniogénèse de tranches de
cortex de rat ont été étudiés. Un jeüne de 48 a 72 heures ne
modifie pas l'état acido-basique et Ia production urinaire
d'ammoniaque ne change pas. Les tranches de cortex renal des
animaux a jeun, comparées a celles d'animaux nourris, ont une
augmentation de Ia capacité gluconeogénetique quand elles sont
incubées avec les substrats pyruvate, succinate, fumarate, malate,
2-oxo-glutarate, glutamine et glutamate. Le tissu renal cortical
de rats a jeun a aussi une augmentation de l'activité de l'enzyme
de Ia gluconéogénèse, Ia phosphoénolpyruvate carboxykinase.
Les tranches de cortex renal des animaux a jeun ne different pas
de celles des rats nourris en ce qui concerne leur capacité a
produire de l'ammoniaque a partir de Ia glutamine et du
glutamate. De méme aucune difference entre les deux groupes
n'a été observée en ce qui concerne l'activité de La glutaminase.
Ces résultats montrent que Ia capacité de néoglucogénése rénale
est augmentée chez les animaux a jeun en l'absence d'acidose
systémique et que Ic jeüne ne determine pas d'augmentation de
l'excrétion urinaire d'ammoniaque ou de Ia capacité rénale
d'ammoniogCnése.
Many of the metabolic changes which occur in
starvation are related to the provision of fuel for vital
Received for publication June 25, 1974;
and in revised form November 11, 1974.
© 1975, by the International Society of Nephrology,
380
organs. The interconnection of these changes and the
possible hormonal control have been the subject of
much recent investigation [1, 2]. In man, it has been
shown that part of the metabolic adaptation to pro-
longed starvation lies in the decrease in total urinary
nitrogen excretion and increases in urinary ammonia
excretion and renal gluconeogenesis [3]; under these
circumstances the kidney produces as much glucose as
does the liver. The increase in renal gluconeogenesis in
response to fasting has been well documented for the
rat [3]. It has more recently been postulated that in the
rat metabolic acidosis might be the mechanism through
which the enhanced gluconeogenesis is produced [4].
The present study examines the effect of starvation in
rats and shows that metabolic acidosis does not occur;
there is no increase in urinary ammonia and there is
still enhanced renal gluconeogenic capacity. We have
also examined the effect of starvation on phospho-
enolpyruvate carboxykinase (EC.4. 1.1.32.), an enzyme
which we have shown to increase in activity as a re-
sult of metabolic aeidosis [5].
Methods
Adult Sprague—Dawley rats of a locally bred strain
were used in all experiments. They were fed standard
laboratory chow (Purina) which, in the case of the
starved animals, was removed 48 or 72 hr prior to
sacrifice. All animals were killed by cervical fracture
except those from which blood was taken for pH and
Pco2 measurements. These animals were anesthetised
with sodium pentobarbital (40 mg/kg) i.p., blood was
withdrawn from the abdominal aorta into heparinized
syringes and pH and Pco2 were then measured with a
Radiometer micro Astrup assembly (Copenhagen,
Denmark).
The kidneys from all animals were removed and
placed in ice-cold 0.154 M NaCI. Kidney cortical slices
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were cut by hand with a microtome blade (Stadie-
Riggs), placed in 0.154 M NaCI and then rinsed with
two changes of 0.154 M NaC1. Single slices (approxi-
mately 50 mg wet wt) were placed in 50-mi Erlenmeyer
flasks containing 5.0 ml of incubation medium and
stoppered with a rubber bung. The flasks were shaken
at 100 cycles/mm in a water bath at 37 to 38°C for one
hour.
The standard incubation medium was Krebs—
Ringer bicarbonate buffer which contained 120.6 mM
NaCI, 4.8 mrvi KC1, 1.2 mi MgSO4, 1.2 m KH2PO4,
1.0 mM CaC12 and 25 mrr NaHCO3. When CaCl2 was
omitted, an equal volume of 0.154 M NaCI was added.
The buffer was gassed with a mixture of 5% CO2 : 95
02 for at least 15 mm before use, and the flasks con-
taining the kidney cortical slices and buffer were
flushed with the same gas mixture for 1 mm before
incubation. The CO2 and 02 gas mixture used ad-
justed the pH of the buffer to approximately 7.4 at
37°C. All substrates used were at a concentration of
2 mM; 2-oxoglutarate and malate were neutralized to
pH 7.4 with NaOH before use.
At the end of the incubation, the slices were re-
moved from the flasks onto weighed stainless steel
planchets and 0.5 ml of 10% (wt/vol) HC1O4 was
added to the incubation medium. After centrifugation
to remove protein, glucose was measured in the super-
natant by the glucose oxidase method [6].
The sensitivity of this method was increased by the
addition of H2S04 to a concentration of 1.85 M after
color development [7]. Net glucose production was
calculated as the difference between glucose production
with and without substrate and expressed as Ilmoles of
glucose. h'. g - ' slice dry wt. The dry wt of the slices
was determined by drying at 100°C for two hours.
The ammonia produced in the medium was mea-
sured by the method of Kaplan [81 and was calculated
and expressed in a similar manner to glucose. Before
the medium was analyzed for glutamine or glutamate
content, samples were neutralized with 5 M K2C03
using methyl orange as an indicator. Glutamine was
determined as glutamate after glutaminase treatment
[9]. Glutamate was measured spectrophometrically by
NADH formation in the presence of glutamic dehydro-
genase (EC.1.4.l.3) [10]. Glutamine and glutamate
utilization as well as glutamate output were calculated
as the difference in substrate content of the media
incubated with and without slices.
For the measurement of enzyme activities, the outer
edges of the kidney cortex present after the slices were
cut was removed, weighed and homogenized in nine
volumes of ice-cold 0.25 M sucrose. For use in the
glutaminase (EC. 3.5.1.2) assay, the homogenate was
diluted to a concentration of 5% (wt/vol), while for
the phosphoenolpyruvate carboxykinase (PEPCK),
assay the 10°/ (wt/vol) homogenate was centrifuged
for two hours at 30,000 x G and the supernate used.
The PEPCK activity was assayed by the method of
Flores and Alleyne [11] and the glutaminase activity
by the method of Rector, Seldin and Copenhaver [12].
Enzyme activity was expressed as nmoles of substrate
utilized per minute per mg of protein. The protein con-
tent of the homogenate and its supernate was deter-
mined by the Lowry method [13].
Urine collections were made over an eight-hour
period as described previously [5]. For starved rats the
eight-hour period was that time immediately prior to
sacrifice.
All the chemicals used were of AnalaR grade. Bio-
chemicals and enzymes were purchased from the
Sigma Chemical Co. (St. Louis, Missouri, U.S.A.)
except for malate dehydrogenase, which was pur-
chased from Koch-Light Laboratories. The heparin
sodium (Pularin) used in this investigation was pur-
chased from Evans Medical Ltd, (Speke, Liverpool,
U.K.).
All results are reported as mean SEM. The signifi-
cance of differences between means was determined by
Student's t test.
Results
Starvation for 48 or 72 hr did not appreciably alter
the blood pH or Pco2 over control values (Table 1).
The control rats had a pH of 7.48 which after 48 hr
starvation was 7.42 and after 72 hr was 7.43, while the
Pco2 ranged from 29.9 mm Hg in the control animals
to 31.3 in those animals starved 48 hr and 27.0 after 72
hr starvation. Urinary ammonia did not change with
starvation (Table 2).
Starvation increased the in vitro gluconeogenic
capacity of the kidney cortical tissue (Table 3). With
all substrates examined, there was a significant in-
crease in the rate of gluconeogenesis by cortical slices
taken from animals starved for both 48 and 72 hr.
2-Oxoglutarate was exceptional in that the increased
Table 1. Effect of starvation on acid-base status of rats
Group Pco2, mm Hg pH
Control 29.9 1.2 (7)° 7.48 0.03 (7)
48 hr starved 31.3 (3)
NS
7.42±0.04 (3)
72 hr starved 27.0± 1.0 (5)
NS
7.43 (5)
a Numbers of observations are in parentheses.
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Table 2. Urinary ammonia production by fed and starved
ratsa
Control 48 hr starved 72 hr starved
7.3±1.O(6Y' 8,4±1.6(4) 7.4±1.0(4)
a Measured in Lmoles of NH3hr1 100 g'body wt.
b Numbers of observations are in parentheses.
gluconeogenesis was seen only in slices from animals
starved for 72 hr.
Starvation for 48 or 72 hr resulted in no significant
increase in ammonia formation from the ammonia-
genic substrates glutamine and glutamate. However,
there was a significant increase in the production of
glucose from these two substrates (Table 4). Analysis
of the medium for uptake of both substrates revealed
that there was no significant difference between the
uptake by kidney cortical slices from control animals
and those from animals starved 48 or 72 hr.
PEPCK, an important enzyme in gluconeogenesis,
showed a significant increase in activity during starva-
tion. The control value was 12.7 nmoles of PEP
min' 'mg of protein- t The activity increased to 26.8
nmoles of PEPmin'mg of protein1 after 48 hr
starvation and was 20.7 nmoles of PEP-min'mg of
protein' after 72 hr starvation (Table 5).
Glutaminase activity did not change significantly
with starvation. The activity in control animals was
133 nmoles of NH3 min' 'mg of protein' and after
48 and 72 hr starvation was 144.0 and 117.0 nmoles of
NH3 mm 1 , mg of protein -1, respectively (Table 5).
Discussion
Our results clearly show that rats do not become
acidotic after starvation for 72 hr. In addition to there
being no change in the blood pH and Pco2 of the
starved rats, other features of chronic acidosis—
namely, increases in urinary ammonia [14, 15] and
glutaminase activity [16] and an in vitro increase in
ammoniagenic capacity [1 6]—were not observed.
The well-documented effect of starvation in in-
creasing renal gluconeogenic capacity was confirmed.
The increase in glucose formation from glutamine and
glutamate was not associated with increased substrate
utilization, and ammonia formation from these sub-
strates was unchanged by starvation. These data indi-
cate that increased gluconeogenesis during starvation
Table 3. Gluconeogenesis from a variety of substrates by renal cortex slices from fed and starved rats
Group Glucose production, p.mole'g' dry wthr1
Pyruvate Succinate Fumarate Malatc 2-Oxoglutarate
Control 53.2±2.1 (28) 58.8±3.0 (14) 77.1 (49) 77.9±2,8 (52) 80.3±3.8 (33)
48 hr starved 80.3± 6.0 (14) 71.5±4.0 (6) 93.6± 5.9 (19) 96.3±3.8 (25) 91.2±4.6 (15)
p=ooov' =o.os p=o.o1 ParO.001 NS
72 hr starved 86.8± 5.4 (14) 99.0± 5.9 (7) 91.4± 3.4 (29) 105.2±2.4 (25) 113.2± 5.0 (16)
P=0.001 P=0.001 P0.001 P0.001 PaO.001
a Numbers of observations are in parentheses.
P= significant of difference from controls.
Table 4. In vitro utilization of glutamine and glutamate by renal cortex slices from fed and starved ratsa
Group Glutamine Glutamate
Glutamate Glutamine Glucose Ammonia Glutamate Glucose Ammonia
output uptake production production uptake production production
Control 47.6±7.8 (20) 190± 11.2 (19) 17.0± 1.0 (34) 302±9.9 (34) 181±7.8 (22) 19.8± 1.2 (21) 50.6±4.9 (22)
48 hr starved 41.7± 7.6 (10) 151 15.7 (9) 30.9± 2.6 (17) 265 20.9 (17) 180± 12.1 (10) 34.7 2.7 (10) 63.1 3.5 (10)
NS NS P=0.001 NS P=0.001 NS
72 hr starved 58.5± 11.5 (10) 194± 17.6 (10) 31.3±2.7 (17) 284± 17.5 (t7) 178±7.9 (12) 30.1±2.0(10) 44.2±5.2(12)
NS P=0.001 NS P=0.001 NS
a Numbers of observations are in parentheses. All values are expressed in smoles . g ' dry wt 'hr-1.
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Table 5. Enzyme levels of renal cortex from fed and starved rats
Group PEPCK
timoles of
PEPniin'mg
of protein-1
Glutaminase
nmoles of
NH3minrng
of protein 1
Control 12.7±1.7(6)a 133.0± 5.8 (6)
48 hr starved 26.8± 1.4 (3)
P=0.005
144.0±4.2 (3)
NS
72 hr starved 20.7±2.4 (3)
P=0.005
117.0± 3.3 (3)
NS
a Numbers of observations are in parentheses.
is not due to increased substrate uptake or increased
activity of enzymes involved in generating 2-oxo-
glutarate from glutamine and glutamate. In contrast,
both these indexes increase and contribute to the in-
creased gluconeogenic capacity of the kidney during
chronic acidosis [17, 18]. Since substrate uptake is un-
changed and gluconeogenesis from all substrates
giving rise to oxaloacetate is enhanced by starvation,
it seems likely that more oxaloacetate is channeled to-
wards glucose during starvation.
Renal cortex PEPCK activity is markedly increased
in starved rats. It is probable that the activity of this
enzyme is a slow and rate-controlling step in gluco-
neogenesis [19]; it has been pointed out by several
authors [20, 211 that appreciable pyruvate kinase
activity could give rise to energetically wasteful re-
cycling of PEP and that regulation of this enzyme
activity would be essential for glucose synthesis to
proceed. Hepatic pyruvate kinase activity is decreased
by starvation [22, 23]. Pyruvate kinase activity associ-
ated with the parenchymal cells of the liver and renal
cortex pyruvate kinase activity [21, 24] differ from
pyruvate kinase activities in nongluconeogenic tissues
in that they show a sigmoidal relationship between
activity and phosphoenolpyruvate concentration and
are subject to allosteric inhibition by adenosine tn-
phosphate (ATP) and alanine. Under conditions
favorable for gluconeogenesis, it has been estimated
that hepatic pyruvate kinase activity is negligible [21].
It is quite probable that there is a similar decrease in
renal cortex pyruvate kinase activity during starva-
tion, and, hence, more PEP is channeled to glucose
production. The relatively greater increase in glucose
formation from pyruvate (Table 3) may also be due to
an increase in pyruvate carboxylase activity. Hepatic
pyruvate carboxylase has been shown to increase
during starvation [231.
We do not know the nature of the primary stimulus
for increased renal gluconeogenesis in starvation.
Table 6. Effect of omission of calcium from incubation medium
on gluconeogenesis by renal cortex slices from fed and starved
rats
Substrate Control
j.moles of
glucose.g'.hr1
72 hr starved
inio1es of
glucoseg'.hr'
Glutamine 11.4 1.2 (7) 21.3 2.2 (6)
P=0.005
Malate 31.4±0.8 (7) 49.3 (7)
P=o.ool
a Numbers of observations are in parentheses.
However, some possibilities can be ruled out. We have
shown that stimulation of renal gluconeogenesis by
cyclic adenosine monophosphate (cAMP) and by
hormones which activate renal cortex adenylate
cyclase shows, an absolute requirement for extracellular
calcium [25]. Table 6 shows that the increased gluco-
neogenic capacity associated with starvation is not
dependent on extracellular calcium. We can therefore
exclude such hormones as glucagon and the catechol-
amines as mediators of the renal gluconeogenic re-
sponse to starvation. Glucocorticoids may be involved.
We have shown that steroids increase renal PEPCK in
the rat independently of acid-base status [5]. However,
in the same study we showed that urinary ammonia
rose in rats treated with larger doses of tniamcinolone.
If enhanced steroid production is the mechanism of
the increased gluconeogenesis, why is there no in-
creased ammonia production? This may be dose-
related in the sense that the physiological increases
caused by starvation may be enough to enhance
gluconeogenesis, but larger pharmacologic doses may
be required for stimulation of ammonia production.
An interesting aspect of this study is the demonstra-
tion that renal gluconeogenesis may be increased
without a change in ammoniagenic capacity, as has
been shown in the dog [26]. We have recently observed
that acidosis in vitro increases glucose formation from
glutamine and glutamate, while ammonia formation
from these substrates is slightly depressed [27]. These
findings support the argument that renal gluconeo-
genesis is not of primary importance in the control of
ammoniagenesis [26, 28].
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